Laser powder bed fusion has become one of the major techniques within metal additive manufacturing, especially when delicate structures and high geometric accuracy are concerned. Lately, the awareness of the material-specific macroscopic anisotropy has risen and led to widespread investigations on the static mechanical strength. However, little is known about the fracture behavior of the layer-wise fabricated metal components and their affinity of crack propagation between consecutive layers, which is particularly important for aluminium-silicon alloys containing embrittled zones in double-irradiated areas. A recent study indicated that there is a significant drop in fracture toughness in case the crack growth direction is parallel to the layering. To investigate this matter further and to shed light on the fracture toughness behavior in the range of a 0°-45° angle offset between the crack growth direction relative to the layering, notched samples with varying polar angles were subjected to mode I fracture toughness testing. Our results indicate that the fracture toughness is an almoststable characteristic up to a mismatch of about 20° between the crack propagation path and the layering, at which point the fracture toughness decreases by up to 10%.
Introduction
Additive manufacturing (AM) methods, such as laser powder bed fusion (L-PBF), are outstanding freeform fabrication techniques, capable of fabricating directly deployable components without the necessity of special tooling, and are extremely efficient when only small quantities are required [1] [2] [3] . The complete melting of the raw material enables the generation of fully dense parts within a single production step and-due to the rapid cooling rates-exhibit an almost instantaneous solidification, thereby achieving an ultra-finegrained microstructure, which often exceeds the specifications of the respective conventional material.
On the downside, the systematic material development and prediction of material properties are by no means trivial. The material characteristics are known to be potentially anisotropic, whereby the magnitude of anisotropy depends on the fabrication settings, such as the irradiation parameters and the scan strategy, as well as the chosen raw material [4, 5] . Moreover, some materials, especially precipitationhardenable ones, additionally may also be inhomogeneous. For aluminium-silicon (AlSi) alloys, inhomogeneities are twofold. On the macroscale, varying age-hardening states may occur for AlSiMg alloys in all cases where the preheating temperature employed during fabrication is within the artificial ageing regime. If present, samples or components in their as-fabricated state exhibit a height-and built-timedependent fluctuation in strength and hardness [6, 7] . On the microscale, the rapid cooling results in an increased (nonequilibrium) solubility of silicon in the α-Al crystal structure and favours the formation of distinct Si-segregations along grain boundaries and predominantly along scan track boundaries [8] [9] [10] [11] . These Si-enriched areas are rather brittle and often appear as predetermined locations for failure. A previous study on the fracture toughness of AlSi10Mg suggested that agglomerated embrittlements between consecutive layers lowered the fracture toughness by about 20% [12] . This effect was noted in samples where the crack propagation was in line with the layering, which resulted in fracture toughness values that were inferior to all other configurations tested. In addition, the built height and the corresponding age-hardening state was found to have only a minor impact, and are, thus, pointing to the Si-segregations as major cause for fluctuations in the fracture toughness. This early investigation was limited to three distinct polar angles of investigated samples, i.e., 0°, 45°, and 90°, and clearly demonstrated that the area of interest lays for polar angles between 45° and 90°, synonymous for the 0°-45° offset regime of layering to crack growth direction ( Fig. 1 ).
Within this study, the fracture toughness in the aforementioned crucial range was investigated on notched AlSi10Mg tensile testing specimens. Samples were tested in their machined condition, without the consideration of a post-heat treatment, like solution annealing or artificial age hardening.
Methodology

Fabrication
Flat tensile specimen type E 5 × 10 × 40, according to the German standard DIN 50125:2016, were fabricated with a common AlSi10Mg powder (average particle size of 37 µm) on an SLM 280 HL machine (SLM Solutions AG, Lübeck, Germany), equipped with a 400 W Yb fibre laser. The preheating temperature was set to 200 °C. A detailed listing of the utilized irradiation parameters is provided in the section "Appendix". Samples were built with an oversize of roughly 1 mm and milled to their final shape, with the addition of holes with a diameter of 7.5 mm drilled in the clamping areas for a distortion-free clamping of the specimens. Notches were introduced with a thin and sharp disc-milling cutter with a thickness of 1 mm and a 45° tip angle. For the current quantitative investigation on the polar angle influence, pre-cycling for crack initiation was neglected. Specimens were fabricated in five distinct polar angles Φ, namely, 45°, 50°, 70°, 80°, and 90° ( Fig. 2 ). For clarity, it is noted that a polar angle of 90° represents a sample whose longitudinal axis is perpendicular to the layering.
Testing procedure
The fracture toughness tests were performed on an MTS Landmark testing machine (MTS Systems, Minnesota USA) with a maximum load of 100 kN, equipped with a force transducer load cell (model 661.20F-03). The crack-mouth opening was recorded with a double cantilever clip-in displacement gauge (MTS model 632.03F-30), based on the ASTM 399-08 standard, which locked in place by pre-tension and obtained the crack opening reading on the retaining grooves ( Fig. 3 ). The test itself was carried out very similar to a tensile test, with the cross-head speed set to a constant 0.2 mm/min until failure occurred.
Evaluation scheme
The experimental data of the fracture toughness tests were evaluated in accordance to the ASTM E 1820-09, following the explanations on the precise procedure outlined in [13] . First, the force-crack mouth opening curves were compared with idealised ones representing characteristic (Fig. 4 ) to determine their type, and accordingly, the appropriate evaluation procedure. The tested samples showed the characteristics of either type 1 or type 2 behaviour ( Fig. 5) , with differing progressions for the secondary load peak. After the determination of the applicable cases, the following approach has been used for the subsequent evaluation of fracture toughness. The J integral is calculated by the following:
with the deformation energy U being the area underneath the force-crack mouth opening curve up to the first maximum and the function of the pre-crack length and specimen width being:
The parameter α is calculated as:
with the geometrical parameters pre-crack length a and sample width W being 5 mm and 10 mm, respectively. As the next step, the appropriateness of the chosen configuration is checked, i.e., whether the geometrical sample dimensions and the J integral result fulfil standards. To ensure validity Exemplary result curves: a type 1 like progression; b type 2 like progression with lower secondary peak; c type 2 like progression with higher secondary peak of the test results, the following expression for the sample thickness B (5 mm in our case) must be fulfilled:
If this inequality is satisfied, the J integral equals the energy release rate:
and finally, the fracture toughness is given by:
The elastic material parameters E, ν, as well as the static tensile strength values R p0.2 and R m were taken from the literature and were obtained from flat tensile specimens, fabricated with the identical machinery [6, 14] . The data taken as input for the evaluation are listed in the section "Appendix". In addition, all parameters are listed and described in detail in the section "Appendix".
Scanning electron microscopy
High-resolution images of the fractured faces were taken with a Jeol JSM 6490 scanning electron microscope (SEMTech Solutions Inc., Massachusetts, USA).
Results and discussion
A set of four valid measurements per inclination angle has been evaluated and the results are summarised in Table 1 . Due to slight differences in the tensile testing data, K IC values were calculated with either data set and compared
side by side. Significant deviations in fracture toughness were confined to polar angles larger than 70°, with a varying emphasis on the decrease up to 90° depending on the considered tensile data set ( Fig. 6) . Thus, the critical range seems to be within a ± 10° window for the crack growth direction relative to the layering. However, this conclusion is only valid for AlSi10Mg and similar AlSi alloys fabricated with PBF, inhibiting characteristic interlayer embrittlements.
Comparing the K IC results with the known values from the early investigation of Hitzler et al. [12] , whose findings are recapped in Fig. 7 , the stable K IC fracture toughness range differs, whereas the minima coincide. To explain the noted deviations, one has to consider the influence of the testing machine. While for a cross-head speed of 5 mm/min, the plateau K IC was above 50 MPa √ m , for 
Fig. 6
Comparison of fracture toughness results; red and blue data points as obtained in this study were calculated from tensile data taken from [6, 14] ; diamond-shaped black reference points stem from [12] 0.2 mm/min was 42 MPa √ m . This indicates a marked influence of the cross-head speed on the fracture toughness, which is also the case for the average maximum force reached in the fracture toughness tests ( Table 2 ). It should be noted that both studies, the past as well as the current study, neglected the crack initiation phase, and due to the simplifications made, the obtained results for the fracture toughness results may be higher than under ideal testing conditions.
The appearance of the fractured faces was similar amongst the specimens, independent from the polar angle. Figure 8a , c shows the surface morphology on a 90° and 45° sample, respectively. Both exhibited a large amount of visible hemispherical cavities on the fractured faces. Although their shape suggests that these may be initial voids in the samples, these cannot stem from pores, since the residual porosity for the tested batch of specimens has been below 0.3%. In addition, some of the cavities revealed residues of a second phase, indicating that the cavities contained precipitates (Fig. 8b) . The presence of visible precipitates on the fractured face, still embedded in the α-Al matrix, confirmed that the cavities were no initial defects in the samples (Fig. 8d, e ). In short, the crack propagated along the Si-precipitates in the α-Al matrix, and due to the inhomogeneous distribution of Si-precipitates, these impact the preferred path for crack growth. In some instances, the early crack growth direction was not perpendicular to the applied load, and the crack propagation showed tendencies to follow the layering in the samples (Fig. 8f) . This, however, is only the case during the early crack growth, and with the constantly decreasing cross-sections, the crack eventually takes the path perpendicular to the applied load until complete rupture of the sample.
Conclusion
Notched tensile samples built in the polar angle range of 45°-90° were subject to mode I fracture toughness testing to answer the question of the critical proximity of the crack growth direction and the orientation of the weakened interlayer connection. The end of the K IC plateau was pinpointed in the range of a 10°-20° proximity, with the 20° offset representing the last recorded stable K IC value, followed by a steady decline to the worst-case scenario, i.e., crack propagation between consecutive layers (0° offset). The fracture toughness proofed itself to be sensitive to the testing speed. For a testing speed of 0.2 mm/min, the K IC plateau was determined around 42 MPa √ m with an approximated 10% reduction in fracture toughness for the worst-case scenario. For comparison, a 20% reduction was noted for a testing speed of 5 mm/s, which also raised the K IC plateau to above 50 MPa √ m. With the critical range of crack growth directions relative to the layering being identified, the next step will be the examination of standardised CT specimens, including the pre-cycling for crack initiation, to quantify the error made by our simplifications and to provide solid characteristic values for both the stable plateau and the worst-case scenario.
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The material parameters listed in Table 5 were examined in destructive tensile tests on flat tensile specimens (German standard DIN 50125-E 5 × 10 × 40) and stem from two independent studies [6, 14] . In both studies, tensile tests were carried out in accordance to the DIN EN ISO 6892-1 standard with a cross-head speed of 5 mm/s at room temperature. Samples tested in Hitzler et al. [6] were fabricated with the identical parameter sets than the samples investigated in the current study (Table 4 ) and tested in their non-heat-treated, but machined condition. Poisson's ratio was determined via readings of attached strain gauges. In the study of Sert et al. [14] , samples were tested with their as-fabricated surface condition, however, after a post artificial ageing treatment at 170 °C for 4 h. The heat treatment was performed to overcome the inhomogeneity in the precipitation hardening states across the built height, caused by differing dwell times at elevated temperatures in the build chamber [18] . Moreover, the irradiation parameters for the core differed slightly, in particular the scan speed was set to 1150 mm/s (opposed to 930 mm/s). Poisson's ratio was determined via a secondary extensometer, measuring the strain perpendicular to the primary extensometer.
